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Introduction
For many individuals, substance abuse possesses characteristics of chronic We group these treatment/management strategies under the umbrella term "adaptive treatment strategies" Collins et al., 2004) . Adaptive treatment strategies appear in a variety of health related areas; for example, they are employed in the treatment of depression Rush et al., 2003 ; called treatment algorithms) and in acute HIV infection (Altfield and Walker, 2001 ; called structured treatment interruptions or Albert and Yun, 2001 , called treatment strategies). In all cases, these strategies individualize treatment via decision rules that recommend when and how the treatment should change. The recommendations are based on patient characteristics and outcomes collected during treatment such as patient response and adherence. Adaptive treatment strategies operationalize the clinical practice of adapting and re-evaluating treatment options based on patient progress thereby facilitating systematic study and refinement.
In developing an adaptive treatment strategy, questions that often need to be addressed include the best sequencing of treatments when individuals are not responding and the best timing of transition from more intensive therapies to less intensive therapies or maintenance therapy and vice versa. Because comorbidities such as homelessness, depression, and HIV infection are not uncommon, questions also arise concerning the sequencing or concurrent use of adjunctive therapies targeted at comorbid disorders. We argue that these questions are best addressed using randomization and furthermore since these questions are sequential in nature, the randomizations should also be sequential. We propose an experimental randomized trial design, the sequential multiple assignment randomized trial (SMART) , that is suited for developing new or refining existing adaptive treatment strategies. After an adaptive treatment strategy is developed/refined, the strategy can be evaluated against an appropriate alternative such as standard care in a two group randomized trial.
In Section 2, we review adaptive treatment strategies and provide a concrete example. Section 3 introduces SMART, provides examples, and gives an intuitive discussion of how questions such as those listed above can be addressed using data from a SMART design. Section 4 provides, for the first time, a discussion of the advantages and disadvantages of SMART relative to two common alternative experimental designs. And in Section 5, we provide new, yet straightforward, methods for data analyses. It should be noted that although the focus of this paper is on the development of adaptive interventions for the treatment of addictions, much of the discussion applies to treatments for other chronic disorders. 
Adaptive Treatment Strategies
Adaptive treatment strategies individualize therapy via decision rules that specify how the intensity or type of treatment should change depending on patient variables. These patient variables can include patient characteristics such as family history, versions of the outcome measure assessed during treatment (e.g., substance use), or other variables thought to predict the ultimate outcome (e.g., self-efficacy, counseling attendance and so forth). Here is a simple example.
EXAMPLE 1: Alcohol-dependent patients are treated with an opiate antagonist Naltrexone (NTX) and medical management (MM; Miller, 2004) . If the patient is able to avoid more than one heavy drinking day during the ensuing two months then the patient is provided a prescription to NTX and Telephone Disease Management (TDM; Oslin, et al., 2003) . If, however, at anytime during the two months the patient incurs a second heavy drinking day, then the conclusion is that the patient's disorder is not responding to NTX. In this case, if the patient is experiencing minimal side effects to NTX, then the patient is provided NTX + Combined Behavioral Intervention (CBI; Pettinati, et al., 2004) . Conversely, if the nonresponding patient is experiencing moderate or severe side effects, the patient is provided CBI alone (i.e., NTX is discontinued).
In the above example, the decision rules adapt the treatment to the patient using heavy drinking days and side effects. Further discussion of adaptive treatment strategies can be found in Collins et al. (2004) . 
Sequential Multiple Assignment Randomization Trials (SMART)
Sequential multiple assignment randomized trials (SMART) Dawson, 2000, 2003; Ten Have et al., 2003; Murphy, 2005) are intended to be used in the building and refinement of adaptive treatment strategies. In these trials, subjects are randomized multiple times. A number of SMART trials have been, or are being, conducted. These include the CATIE trial for antipsychotic medications in patients with Alzheimer's (Schneider et al., 2001) , STAR*D for treatment of depression (Rush et al., 2003; Lavori et al., 2001 ) and phase II trials at MD Anderson for treating cancer (Thall et al., 2000) .
In order to make the discussion of the SMART trial design concrete, consider the following simple example modeled after a SMART trial, which includes a number of the interventions described in Example 1 above, and which is currently underway by one of us (Oslin) . This trial was designed to address two questions related to the development of a strategy for treating alcohol dependent patients with the opiate antagonist Naltrexone (NTX). First, there is a variety of potential timing definitions concerning when a patient should be considered a NTX non-responder. Second, once a subject either responds to NTX (or does not respond), a variety of subsequent treatments are possible. The goal is to minimize the number of heavy drinking days over the 12 month study period.
EXAMPLE 2: Each subject is randomized twice, first to a definition of nonresponse/response (first decision point) and second to a subsequent treatment (second decision point). The two possible definitions of nonresponse are: nonresponse if 2 or more heavy drinking days within a two month period or nonresponse if 5 or more heavy drinking days within a two month period. As soon as a subject meets the definition of nonresponse, the subject is randomized to either NTX + CBI or to CBI alone. If the subject does not meet his/her assigned definition of nonresponse in the two month interval (a responder) then the subject is rerandomized to either a 6 month prescription of NTX or a 6 month prescription of NTX + TDM.
In a SMART design, subjects are randomized at selected critical decision points. In example 2, the critical decisions are first the timing of alterations in therapy and second the choice of the subsequent therapy for responders/nonresponders. Thus each subject is randomized twice, initially and then again once it is known if the subject is a responder or a nonresponder to initial therapy. Frequently and indeed in the example discussed here, the multiple randomizations can be performed prior to initial treatment; see Section 5 for discussion. Note that even though the SMART experimental design involves randomization, once an adaptive treatment strategy has been developed, the delivery of the treatment strategy (e.g. contrast the strategy in Example 1 with the SMART trial in Example 2) does not involve randomization.
Just as with any randomized trial, it is best to power SMART to address only a few primary strategy-building hypotheses so as to minimize sample size requirements. Potential primary hypotheses might address, "Is it useful to continue providing NTX to nonresponding patients in addition to CBI as compared to only providing CBI?" or "Do patients assigned a more stringent definition of nonresponse (2 or more heavy drinking days) do better overall than patients assigned a more lax definition of nonresponse (5 or more heavy drinking days)?" Both of these questions are addressed via two group comparisons (in the latter each group contains ½ of the total study sample; in the former each group contains ½ of the patients in the nonresponding group).
Secondary analyses may test for interactions of clinical and theoretical interest such as "Does the comparison between CBI and NTX+CBI for nonresponders change depending on the definition of nonresponse to initial NTX?" If there are significant interactions between patient variables and treatments then more complex adaptive treatment strategies are indicated. For example, patients who experience certain side effects while receiving NTX may respond differentially to NTX+CBI relative to CBI. A sufficiently strong interaction would indicate that these side effects should be used in deciding which secondary treatment is best for which nonresponder.
Following the analysis of the data from a SMART design, one may choose to proceed directly to a two group confirmatory trial in which the developed strategy is compared to an appropriate alternative or one may decide that additional randomized trials are needed. Consider example 2 once more. Suppose the following tests were planned: (1) test if NTX alone versus TDM+NTX produces differing outcomes among responders to the initial NTX, (2) test if among nonresponders to initial NTX, CBI alone produces different outcomes than CBI+NTX and (3) test if patients assigned a more stringent definition of nonresponse (2 or more heavy drinking days) do better overall than patients assigned a more lax definition of nonresponse (5 or more heavy drinking days) and (4) test for the following interaction: "Does overall level of side effects to NTX differentiate between nonresponders who do better on CBI alone and nonresponders who do better on CBI+NTX?" We conduct the study and find the following (suppose the primary outcome is the number of heavy drinking days).
EXAMPLE 2 CONTINUED: There is no difference between
providing NTX or TDM + NTX for responders and, on average, better outcomes result if we provide CBI+ NTX rather than CBI alone to nonresponders. However we find that nonresponding individuals who are experiencing substantial side effects to NTX do better if switched to CBI alone as opposed to continuing with NTX and adding CBI. Also altering treatment earlier is associated with fewer heavy drinking days than altering treatment later.
Given these results, we can choose to preclude further refinement of the strategy and proceed directly to a randomized trial evaluation of the adaptive treatment strategy: "Patients begin on NTX. If a patient experiences 2 or more heavy drinking days within two months then the patient is provided CBI + NTX unless the patient experienced substantial side effects, in which case the patient is provided CBI. On the other hand, if the subject has at most 1 heavy drinking day within two months, then the subject is provided an NTX prescription."
Alternatively suppose an additional post-hoc analysis yields a strong, unanticipated interaction: among responders to the initial NTX, subjects with poor social support do better on TDM + NTX prescription than these subjects do with NTX prescription alone. Thus a refining trial might seek to replicate this result and/or may add a component to improve social support so that more subjects could be managed effectively with the lower cost intervention (i.e., NTX only). This second trial might only study responders (those who experience one or fewer heavy drinking days in the first two months on NTX). 
Disadvantages and Advantages of the SMART Design Relative to Other Experimental Approaches
In this section, the SMART design is contrasted with two other plausible experimental approaches; in each case the goal is to develop and/or refine adaptive treatment strategies. To make the discussions concrete again consider Example 2 which outlines a SMART study trial design.
Alternative Experimental Approach 1)
An alternative to SMART is to use results from historical trials and the available literature to pinpoint when one should give up on NTX and move to a second treatment. Suppose this review indicates that once 4 heavy drinking days has occurred the chance of subsequent response to NTX is very low. Thus a natural approach is to dispense with the randomization to different timings (e.g. in Example 2, these are, "alter treatment as soon as 2 heavy drinking days occur" versus "alter treatment as soon as 5 heavy drinking days occur") and plan to alter treatment as soon as 4 heavy drinking days occur. Next two, two-group randomized trials, one for the responders (NTX versus TDM+NTX) and one for nonresponders (CBI versus CBI+NTX) are conducted.
Two advantages of SMART relative to Experimental Approach 1 are 1) the avoidance of deleterious cohort effects and 2) the ability to detect a synergistic effect in a sequence of treatments. First consider the avoidance of deleterious cohort effects. Subjects who are enrolled in and who remained in the historical trials which pointed toward adopting the 4 days of heavy drinking cutoff may be quite different from the subjects who enroll in and who remain in a SMART trial. To see this consider the issue of adherence/attrition; in many historical trials subjects were assigned a fixed treatment, that is, there were no options besides non-adherence or study attrition for subjects who were not improving. The lack of options for non-improving subjects plus the fact that often the subjects do not know if they are receiving treatment (double-blind studies) may lead to attrition or non-adherence (Chick et al., 2000; Pettinati et al., 2000) . As a result the subjects who remained in the historical trial may be quite different from the subjects that remain in a SMART trial, which provides alternates for non-improving subjects. In addition subjects in historical trials may differ from current subjects in unknown ways (Byar, 1980; Green and Byar, 1984; Byar, 1988; Byar 1991 ). The result is that the choice of 4 heavy drinking days may only be suitable for people who are most likely to stay in or adhere in the historical trials and may be inappropriate or deleterious for people who would enroll in a SMART study.
Second, data from a SMART study permit an investigation of synergistic effects in a sequence of treatments. By synergistic effects we mean that the longer term effect of the first treatment is magnified by subsequent treatments or that an initial treatment enables the patient to benefit more substantially from subsequent treatments. The historical trials are likely to have been conducted in a setting in which the subjects did not receive a subsequent treatment or if they did, the subsequent treatments differed from those considered here. As a result synergistic effects will be missed. For example, the longer term evaluation of an initial treatment is, in an historical trial, actually an evaluation of the initial treatment followed by a mixture of subsequent treatments as available in the historical trials. This evaluation may say very little about the usefulness of the initial treatment when that treatment is followed by the specific subsequent treatments available in our study. With these advantages, a SMART design has the potential to detect the synergistic benefit of the sequence of treatments whereas Experimental Approach 1 does not. However, the fact that the SMART trial is new to clinical science is a disadvantage.
Alternative Experimental Approach 2)
A second alternative experimental design to SMART is to survey the available literature, use clinical experience and employ a variety of established principles (e.g. start patients on the least intensive treatment as in the stepped care model (Sobel and Sobell, 2000) or use the principles espoused by Collins, et al., (2004) ) to completely formulate the decision rules underlying the adaptive treatment strategy. Further guidance might be obtained from existing clinical practice guidelines, such as those of ASAM (Mee- Lee et al., 1996) . Once the decision rules and associated therapies are selected, a randomized confirmatory trial with one group assigned the formulated adaptive treatment strategy and the other group assigned the best alternative treatment available (or other appropriate alternative) is conducted.
The advantages of the SMART trial over Experimental Approach 2 are related to the ability of the clinical scientist to open the "black box" in a SMART trial. First, using data from a SMART trial one can test for evidence regarding whether the information concerning (e.g. adherence to initial treatment) nonresponding patients should influence the selection of subsequent treatment; if there is no evidence of a need to treat patients differently then the developed decision rules will be simpler and potentially easier to implement. For example, using data from a SMART trial, we can test if adherence during initial treatment is useful in deciding which subsequent treatment to provide nonresponders; the absence of randomization to different subsequent treatments in Experimental Approach 2 precludes this experimental comparison.
Second, as discussed above, the use of the SMART design permits an investigation of synergistic effects and thus improves the chance that the developed adaptive treatment strategy includes treatment sequences and timing decisions that are synergistic and not antagonistic. For example, it may be crucial to match the timing definition of responder/nonresponder with the selected subsequent treatments to ensure, for example, that a responder according to our definition is ready for the selected maintenance treatment and we have given the initial treatment adequate time to work. Also it is important that we detect and avoid unintentional negative interactions; for example, the burden imposed by the initial treatment may reduce adherence to the subsequent treatment.
Third, by proactively and experimentally investigating which of the treatment sequences and timing decisions are important, which treatment decisions interact and which treatment decisions interact with patient characteristics and outcomes, we can increase the chance that the developed adaptive treatment strategy will exhibit improved performance when evaluated in a future randomized trial. In contrast when a strategy developed as described in Experimental Approach 2 (using expert clinical judgment or existing treatment recommendations) does perform as well as expected, analyses to ascertain which components are useful must be nonexperimental (e.g. analyses restricted only to patients who exhibited strong adherence to assigned treatment or dose-response analyses where the dose is the level of adherence). Due to the multiple randomizations, the SMART approach provides a greater range of experimental information concerning the components of the strategy over the former approach and thus when investigators must to go "back to the drawing board," to redesign the strategy the chance of a successful redesign is higher.
A common misconception is that the SMART trial will have lower power than Experimental Approach 2. However the SMART trial in example 2 is a "full factorial" trial. This means that to test, for example, the main effect of a stringent definition of response versus a less stringent definition of response in example 2, two groups of patients, each ½ the sample size is used. Also to test the main effect of CBI vs CBI+NTX in example 2, data from all nonresponding patients is used with each group composed of approximately ½ of the nonresponding patients. It is true that in example 2 only ¼ of the study subjects follow a particular adaptive treatment strategy; thus a comparison of two strategies involves only ½ of the subjects. This is due to the fact that the goal in using a SMART trial is to inform the construction/refinement of a strategy as opposed to evaluating a fully constructed strategy. It is also true that due to the multiple treatment options at different points in time, conducting a SMART trial is likely to be a more complex endeavor than conducting a confirmatory randomized trial.
The SMART and Experimental Approaches 1) and 2), provide data that can be analyzed in post-hoc analyses. These post-hoc analyses include dose-response analyses in which the dose is the amount of treatment received (for example the number of counseling sessions attended). These analyses may lend credibility to one or more explanations for the observed effect sizes from the primary analyses. Note however that these, nonexperimental, post hoc analyses do not depend on randomization and hence are subject to bias or confounding (Green and Byar, 1984) .
Moreover, all of the experimental approaches (including SMART) can be followed by further randomized trials. Indeed, since the SMART trial is a trial intended to develop and/or refine an adaptive treatment strategy, it should eventually be followed by the standard randomized trial, with one group assigned the optimized adaptive treatment strategy and the other group assigned an appropriate. Finally, all of these experimental approaches are subject to each of the difficulties inherent in the conduct of a randomized trial (subjects withdraw consent, incomplete assessments, implementation issues etc.). 
Further Statistical Considerations

Design Considerations
As mentioned above often all of the randomizations can be conducted prior to the onset of treatment. Consider Example 2; here three randomizations can be conducted prior to beginning the trial. The first randomization is to one of the two timings (alter treatment as soon as 2 heavy drinking days versus alter treatment as soon as 5 heavy drinking days occurs). The second randomization is to NTX + TDM versus NTX which is used if the subject responds to initial treatment. The third randomization, NTX+CBI versus CBI, is used if the subject does not respond to initial treatment. This approach is equivalent to randomizing each subject to one of the eight possible treatment strategies.
Analysis Considerations
Again consider Example 2, where the outcome might be percent heavy drinking days. As discussed many analyses are straightforward two group comparisons. See Murphy (2005) for further discussion. Other analyses are standard as well. For example, to test for interactions between the timing of treatment alteration (or patient variables) and subsequent treatment, one may use an analysis of covariance or regression including covariates such as patient variables, responder status and indicators of both the timing of treatment alteration and second treatments. An obvious and important question in Example 2 is whether the level of side effects to the initial provision of NTX differentiates between nonresponders who do better on CBI alone as compared to nonresponders who do better on CBI + NTX. To address this question, an interaction between side effects (experienced during initial treatment) and an indicator of the second treatment can be added to the above regression.
There is one important difference between the interpretation of these regressions and the standard regression with which most researchers are familiar. This difference lies in the interpretation of the regression coefficient of the first decision (here timing of treatment alteration); this regression coefficient should not be used to assess the significance of the timing decision on the outcome for the following reasons. First this particular regression coefficient partially represents a spurious correlation between the timing decision and the outcome (this spurious correlation occurs because responder status is an outcome of the timing decision and responder status is included as a covariate in the regression). Second the regression coefficient of the timing decision does not include the effect of this timing decision on the drinking outcome that is mediated by response to initial NTX. This is one of the reasons why clinical trialists avoid including post treatment outcomes (here responder status) as covariates when assessing the effect of the initial treatment (Rochon, 1999; ICH, 1999) . Instead, to evaluate the effect of the timing decision a two group comparison (between patients in the SMART trial assigned to the two different timing criteria) can be conducted. Alternately a regression including pretreatment patient characteristics and an indicator of the timing decision as covariates is also useful, particularly so if interactions between pretreatment patient characteristics and the timing decision are of interest. However, for the reasons explained above, in general, patient outcomes such as side effect level and adherence to initial treatment would not be included in this latter regression.
New methods with an emphasis on improving power are in development (Murphy, 2003; Robins, 2004; Pineau et al., 2006) along with methods that permit a greater variety of outcome variables (Thall et al., 2000) or time-to-an-event outcomes (Lunceford et al., 2002) . See Murphy et al. (2006) for further discussion of these issues. Many of these methods generalize well to the analysis of trials with more than two randomizations per subject (e.g. as in STAR*D in which up to 4 randomizations occur). 
Discussion
The SMART trial is well suited for addressing the sequencing and timing questions that arise in the development of adaptive treatment strategies in the management of drug dependence. However further experimental design work is required. This is because most adaptive treatment strategies are multi-component treatments: potential components include treatment for the target disorder, adjunctive treatments and interventions to improve adherence (e.g. motivational interviewing, incentives). Moreover, each component may be delivered through several possible formats (e.g, group therapy versus individual therapy, telephone vs. in-person, and so forth). Construction and refinement of adaptive treatment strategies is a challenging process, given that therapeutic components, sequencing and timing decisions must all be taken into consideration. One way to address this challenge is to imbed the SMART experimental design into the MOST paradigm (Collins et al., 2005) . The MOST paradigm advocates using a series of experimental trials to sift through the variety of components so as to prospectively determine which components are active prior to evaluating the multi-component treatment. However at this time it is unclear how the SMART experimental design might be best embedded in MOST; this is an area for future research.
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